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ABSTRACT: Heterocyclic monomers based on 2,1,3-benzooxadiazole and 2,1,3-benzothiadiazole bearing
solubilizing side chains have been synthesized in high yields over three steps from readily available starting
materials. The monomers are efficiently cross-coupled with diynes and bis(boronates) to afford high molecular
weight luminescent poly(arylene ethynylene)s and polyfluorenes that exhibit red-shifted absorption and emission

maxima, greater solubility, and reduced aggregation.

Introduction

The incorporation of conjugated heterocyclic units can greatly
influence the properties of conjugated polymers. Among these,
2,1,3-benzothiadiazole has been incorporated in a growing
number of low-band-gap materials, in large part due to the ease
of preparation of 4.,6-dibromo-2,1,3-benzothiadiazole.! This
heterocycle has been incorporated in electroluminescent dyes”
and polymers® to generate efficient green to red OLEDs.
Conjugated materials that incorporate 2,1,3-benzothiadiazoles
also include fluorescent dichroics that align in liquid crystal
matrices,” electrochromic polymers,” and low-band-gap poly-
(arylene ethynylene)s.® Finally, energy transfer to a 2,1,3-
benzothiadiazole-centered lower energy site has been utilized
in the development of biosensors for single-strand DNA and
alkaline phosphatase activity.’

In view of the broad utility and popularity of the 2,1,3-
benzothiazole unit, it is surprising that the synthesis of analogues
or derivatives of this heterocycle and their successful application
to conjugated materials have only rarely been reported.® For
instance, the incorporation of the oxygen analogue, 2,1,3-
benzooxadiazole, into conjugated materials has until recently®
only been claimed in patents'® and in accounts of corporate
research® " in which details of synthesis and characterization
are scarce. That few conjugated materials incorporating 2,1,3-
benzooxadiazole have been reported is surprising in view of
the well-known intense fluorescence of some of its derivatives,
such as NBD-Cl (4-chloro-7-nitrobenzo-2,1,3-oxadiazole), a
widely employed fluorescent probe for amines."’

Herein, we report the synthesis of new electron-deficient
monomers based on the 2,1,3-benzothiadiazole and 2,1,3-
benzooxadiazole heterocyclic cores and their incorporation into
conjugated polymers of the polyfluorene and the poly(arylene
ethynylene) families. These new monomers bear side chains at
the 5- and 6-positions, resulting in improved solubility and
reduced propensity to irreversibly aggregate. The properties of
conjugated polymers that incorporate these monomers are
compared to those derived from an unsubstituted 2,1,3-ben-
zooxadiazole heterocyclic core.

Results and Discussion

The 5,6-dialkoxy-4,7-dibromo-2,1,3-benzooxadiazole monomer
4 is prepared in good yields over three steps starting from the
readily available 1,2-dialkoxy-4,5-dinitrobenzene (1) (Sch-
eme 1). Treatment of 1 with sodium azide in dimethy] sulfoxide
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at 100 °C affords the benzofuroxan 2 in excellent yield,
presumably through a o-nitroazide intermediate generated in
situ.'? Deoxygenation with triphenylphosphine in an aromatic
solvent'? was found to provide better yields of benzofurazan 3
than the use of triethyl phosphite. For increased simplicity, these
two steps can be combined in a single-pot reaction by perform-
ing the reaction with sodium azide in toluene in the presence
of a phase-transfer catalyst and then directly adding triph-
enylphosphine to the reaction mixture to result in the conversion
of 1 to 3 in yields comparable to that of the two-step procedure.
Electrophilic aromatic bromination with molecular bromine
gives monomer 4.'* The 5,6-dialkoxy-4,7-dibromo-2,1,3-ben-
zothiadiazole monomer 6, the sulfur analogue of 4, is obtained
in three steps from the same starting material, 1,2-dialkoxy-
4,5-dinitrobenzene 1 (Scheme 1). Reduction of the nitro groups
with tin(IT) dichloride gives the substituted o-phenylenediamine
as its air-stable hydrochloride salt.'> Treatment with N-thionyl-
aniline affords 5, which is brominated as for 4 to provide
monomer 6 in excellent yield. The synthetic routes are likely
applicable to a variety of alkyl and alkoxy side chains in the 5-
and/or 6-positions.

A series of conjugated polymers were prepared by pal-
ladium-catalyzed cross-coupling polycondensation of dibromo
monomers 4, 6, 10°'° and monomers 7, 8, 9 (Scheme 2) to
investigate the influence of these new heterocycles on the
polymer properties (Table 1). Monomers 7 and 9 are typical
comonomers commonly employed in the synthesis of poly-
(arylene ethynylene)s and polyfluorenes. Monomer 8 has been
popularized for its aptitude to generate poly(arylene ethynylene)s
that do not aggregate in the solid state.'® The high yields and
high molecular weights obtained using typical reaction condi-
tions (5% Pd(PPhs)s as catalyst, 65—90 °C) are indicative of
the high reactivity of monomers 4, 6, and 10, and of their
suitability for incorporation into conjugated polymers.'’

Polymers P1 and P2 are isolated with high mass recovery
as red solids (Scheme 2). Both polymers are soluble in
chloroform at room temperature. In contrast, polymers
prepared with the corresponding unsubstituted 2,1,3-ben-
zooxadiazole (10) are strongly aggregated and do not
redissolve even in boiling chlorobenzene, which illustrate the
beneficial effect of flexible side chains at the 5,6-positions
of the heterocycle on the solubility of the resulting polymers.
Polymer P1 is also fully soluble in hot tetrahydrofuran but
is only partially soluble in the same solvent at room
temperature, a factor that precludes the accurate measurement
of its molecular weight by gel permeation chromatography.
Polymer P2, isolated in high yield with an average degree

0 2008 American Chemical Society

Published on Web 07/12/2008



5560 Bouffard and Swager

Macromolecules, Vol. 41, No. 15, 2008

Scheme 1. Synthesis of 2,1,3-Benzooxadiazole Monomer 4 and 2,1,3-Benzothiadiazole Monomer 6
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Table 1. Characterization and Spectroscopic Data for Polymers P1—P7 and Reference Polymers

lmax (nm) /lem (nm) q)f
polymer My /My (10> g mol™!)  solution (CHCl3) (¢/L mol™' cm™1)¢  thin film  solution (CHCIl3) thin film  solution (CHCIl3)  thin film®
P1 >5.4/8.3% 504 (34 000) [557 (23 000)]¢ 554 554 586 0.31¢ 0.056
P2 21.0/84.3 499 (33 000) 543 550 579 0.35¢ 0.031
P3 29.7/66.3 494 (49 000) 500 516 523 0.58¢ 0.18
P4 24.6/59.8 498 (50 500) 502 518 526 0.64¢ 0.30
P5 30.0/77.9 475 (38 000) 489 536 546 0.50° 0.37
Pé6 46.7/102.0 421 (28 000) 429 517 498 0.51 0.41
P7 55.6/135.9 416 (20 000) 424 513 498 0.48" 0.33
PPE-1>* 98/144 452 (27 500) — 482 — 0.40 —
PPE-2%  144/374 441 (—) 448 457 460 0.50 0.33
PF-1*3 36/100 389 (—) 394 414 424 0.81 0.55

“ Determined by GPC against PS standards. ” Mostly insoluble in THF at room temperature; values given represent those of soluble oligomers. ¢ Molar
absorptivity based on the molecular weight of a repeating unit. _‘1 Aggregation band observed at higher concentrations in CHCIs. See text for discus-
sion. ¢ Against coumarin 6 in EtOH (®f = 0.78, Aex = 460 nm).?°/ Against quinine sulfate in 1 N HySO4 (®f = 0.546, Aex = 366 nm).>" £ Against perylene

in PMMA (® = 0.87, Aoy = 412 nm).*

of polymerization of 20, is fully soluble in these solvents at
room temperature. Polymers P3 and P4 which incorporate
6,13-diethynylpentiptycene (8) as a comonomer to prevent
strong aggregation of the polymer chains were prepared
according to the same procedures. The absence of solubilizing
side chains (e.g., 8 + 10) results in the precipitation of
insoluble oligomers from the reaction mixture. However,

polymers P3 and P4 are obtained as fully soluble yellow-
orange solids with high molecular weights (>20 kg mol™1).
Polyfluorenes PS—P7 that incorporate monomers 4, 6, and
10 were copolymerized with monomer 9 under previously
described biphasic conditions for Suzuki—Miyaura cross-
coupling polymerizations of fluorene derivatives.'® Polymers
P5—P7 are isolated as highly soluble bright yellow (P6 and
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Figure 1. UV —vis (solid lines) and fluorescence (dashed lines) spectra of polymers P1—P7 in chloroform solution (top) and in thin films (bottom).

Scheme 3. Reference Polymers*
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P7) or orange (PS) high molecular weight materials (DP ~
50—60)."

The absorption and fluorescence emission spectra for poly-
mers P1—P7 in chloroform solution are shown in Figure 1, and
the summarized spectroscopic data are presented in Table 1.
For the purpose of comparison, three conjugated polymers from
the literature are also presented (Scheme 3, Table 1). The
influence of the donor—acceptor character of the transitions on
the optical properties of polymer P1—P7 is significant. The
polymers are considerably red-shifted in both absorption and
emission maxima with respect to corresponding polymers that
do not incorporate electron-deficient heterocycles,” and the
extent of the bathochromic shift (50—90 nm) is proportional to
the strength of the donor and acceptor groups. This analysis
suggests that the electron-accepting strength of 2,1,3-benzothia-
diazole is between that of monomers 4 and 10, as expected on
the basis of the higher electronegativity of oxygen relative to
sulfur and the presence of the electron-donating alkoxy groups
in 4. Polymer P1 does not aggregate in dilute chloroform
solutions (3 x 107% mol L™"); however, an aggregation band
centered at 557 nm appears and grows as concentration is raised
(>2 x 1073 mol L™Y). Finally, polymers P1 and P2 in their
unaggregated state are efficient fluorophores, with a fluorescence
quantum yield of 0.31—0.35. These values are only slightly
lower than that of corresponding PPEs that do not incorporate

OCHs

PPE-2

these heterocycles (¢~ 0.35 —0.40),23 and this lower efficiency
may be attributed to the effects of the energy gap law.>* Similar
trends are observed with polymers P3 and P4 which exhibit
absorption and emission maxima that are red-shifted by 60—70
nm with respect to corresponding PPEs that do not incorporate
these heterocycles.>® These polymers do not exhibit evidence
of aggregation either in solution or in the solid state, and high
fluorescence quantum efficiencies are preserved in the solid state.

Polyfluorenes PS—P7 are obtained as bright yellow (P6, P7)
and orange (PS) solids that are fully soluble in organic solvents,
including PS5 which incorporates monomer 10 which gave rise
to insoluble polymers when polymerized with 7 or 8. These
heterocyclic polyfluorenes do not show evidence of aggregation
either in solution or in the solid state. Aggregation is presumably
limited by the presence of flexible side chains that are
perpendicular to the plane of the fluorene monomer 9, sterically
preventing close stacking between the aromatic surfaces. As
observed for the poly(arylene ethynylene)s, absorption and
emission maxima are red-shifted when compared to polymers
that do not incorporate these heterocycles, such as poly(9,9-
dioctyl-9H-fluorene-2,7-diyl), PF-1, and the stronger donor—acceptor
nature of PS5 causes a significantly greater red shift than is
observed for either P6 or P7. Interestingly, while most
conjugated polymers exhibit bathochromic shifts from solution
to the solid state, the emission spectra of polymers P6 and P7
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exhibit hypsochromic shifts in thin films, which is indicative
of a solid-state organization that disrupts the extent of conjuga-
tion. Nonetheless, polymers PS—P7 are efficient fluorophores
both in solution and in the solid state, with high fluorescence
quantum yields (0.33—0.51).

Only small differences are found between spectroscopic
properties polymers that incorporate monomer 4 (e.g., P1, P3,
P6) and that of polymers that incorporate monomer 6 (e.g., P2,
P4, P7). We consider this to be indicative of similar electronic
properties of the two monomers.

Conclusions

New 2,1,3-benzooxadiazole and 2,1,3-benzothiadiazole electron-
deficient monomers bearing solubilizing side chains have been
synthesized in high yields over three steps from readily available
starting materials. These monomers are efficiently incorporated
with a variety of comonomers in cross-coupling polymerizations
to afford high molecular weight luminescent conjugated poly-
mers that exhibit red-shifted absorption and emission maxima,
greater solubility, and reduced aggregation. The electronic
properties of the new monomers and polymers are intermediate
between those of common arylenes and those of unsubstituted
2,1,3-benzooxadiaxzoles and 2,1,3-benzothiadiazoles, offering
potential for the fine-tuning of electronic properties without
having to rely on adjustments in the feed ratios of comonomers
to control the degree of energy migration to a lower band-gap
emission site. The electron-deficient properties of these materials
suggest potential applications as green-emitting polymers that
facilitate electron injection in light-emitting devices.
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